Adhesion of Plasmodium falciparum-infected erythrocytes to placental chondroitin 4-sulfate (CSA) has been linked to the severe disease outcome of pregnancy-associated malaria. Soluble polysaccharides that release mature-stage parasitized erythrocytes into the peripheral circulation may help elucidate these interactions and have the potential to aid in developing therapeutic strategies. We have screened a panel of 11 sulfated polysaccharides for their capacities to inhibit adhesion of infected erythrocytes to CSA expressed on CHO-K1 cells and ex vivo human placental tissue. Two carrageenans and a cellulose sulfate (CS10) were able to inhibit adhesion to CSA and to cause already bound infected erythrocytes to de-adhere in a dose-dependent manner. CS10, like CSA and in contrast to all other compounds tested, remained bound to infected erythrocytes after washing and continued to inhibit binding. Both carrageenans and CS10 inhibited adhesion to placental tissue. Although highly sulfated dextran sulfate can inhibit CSA-mediated adhesion to CHO cells, this polysaccharide amplified adhesion to placental tissue severalfold, demonstrating the importance of evaluating inhibitory compounds in systems as close to in vivo as possible. Interestingly, and in contrast to all other compounds tested, which had a random distribution of sulfate groups, CS10 exhibited a clustered sulfate pattern along the polymer chain, similar to that of the undersulfated placental CSA preferred by placental-tissue-binding infected erythrocytes. Therefore, the specific antiadhesive capacity observed here seems to depend not only on the degree of charge and sulfation but also on a particular pattern of sulfation.
Of the four Plasmodium species that are able to cause malaria in humans, infection with Plasmodium falciparum results in the most severe disease pathology and is the most lethal. The high pathogenicity of this parasite is partly due to the ability of mature trophozoite-and schizont-stage-infected erythrocytes to adhere to endothelial cells lining the capillaries and postcapillary venules, to adhere to the placental syncytiotrophoblast and in the intervillous space, to rosette with uninfected erythrocytes, or to autoagglutinate (7, 29, 35, 42) . Such adhesive interactions are thought to contribute to the symptoms of severe malaria, cerebral malaria, and pregnancyassociated malaria (3, 28) . Pregnancy-associated malaria in particular has been the focus of growing attention in recent years, especially with respect to vaccine and drug development (38) . Pregnant women in areas of malaria endemicity undergoing their first pregnancy are more susceptible to this type of malaria, regardless of their previous level of exposure and immunity (8) . However, multigravid women in these areas have been found to have a level of protection against pregnancy-associated malaria, and immune sera from these women are able to recognize placenta-binding infected erythrocytes from different geographical locations (19) , making the parasite adhesin mediating placental binding a good vaccine and drug target.
The major P. falciparum adhesive proteins expressed on the surface of the infected erythrocyte are termed P. falciparum erythrocyte membrane protein 1 (PfEMP1). These antigenically variant surface proteins are products of a multigene family of which there are approximately 60 members per haploid genome (20) . PfEMP1 is responsible for adhesion to a number of endothelial host cell proteins, including CD36, intercellular adhesion molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1), E-selectin, P-selectin, and CD31 (reviewed in reference 17). Formation of rosettes is also PfEMP1 mediated, with complement receptor 1 (CR1) and CD36 identified as binding receptors (11, 15, 24, 36) . In addition to protein receptors, sulfated polysaccharides have been shown to play a role in parasite rosetting (15) and sequestration. This is particularly evident for pregnancy-associated malaria, where the glycosaminoglycan chondroitin-4-sulfate (chondroitin sulfate A [CSA]) appears to be the major host receptor in the placenta (18) . Another glycosaminoglycan, hyaluronic acid, has also been implicated as a placental receptor (6, 12) .
Recent work has shown that chondroitin sulfate proteoglycans isolated from human placenta have unusually low levels of sulfation, with only ϳ8% of the chondroitin sulfate (CS) chains being 4-sulfated and the remainder nonsulfated (1) . Optimal binding of infected erythrocytes in the placenta requires ϳ30% 4-sulfated and ϳ70% nonsulfated disaccharide repeats, with a minimal binding motif of six disaccharide repeating units with two 4-sulfated and four nonsulfated disaccharide units (4) . These findings were confirmed in a study using an immobilized commercially available bovine trachea C4S/C6S copolymer, although a binding motif was identified in which 4-sulfation was required in four or five of the six disaccharide repeating units instead of in two, as is the case for human placentaderived C4S (13) . The ability of infected erythrocytes to bind efficiently to low-sulfated chondroitin sulfate chains in the placental intervillous space remained puzzling until Achur and coworkers showed two different sulfation patterns where only 2 to 3% and 9 to 14% of the CS chain disaccharide units have 4-sulfation while the remainder are nonsulfated (2) . The sulfate groups in the CS proteoglycans are clustered in CS chain domains of 6 to 14 repeating disaccharide units, with 20 to 28% 4-sulfation in the sulfate-rich regions of the CS chains and little or no sulfate in the remaining regions (2) .
A variety of negatively charged polysaccharides have been tested for their capacity to inhibit invasion of human erythrocytes by P. falciparum merozoites and cytoadherence of parasitized erthryoctes to host receptors, including CD36 and CSA (16, 41) , as well as to disrupt rosette formation of parasitized with uninfected erythrocytes (10, 34) . From these studies it has become evident that complex sulfated polysaccharides such as heparins, dextran sulfates, fucoidan, and the nonsulfated glycosaminoglycan hyaluronic acid display inhibitory capacity to different extents. Here we have investigated the structural requirements for the antiadhesive capacity of polysaccharides by comparing the abilities of polysaccharides with differing levels and patterns of sulfation to disrupt infected-erythrocyte adhesion to CSA expressed on mammalian cells and the placenta. In addition to the known inhibitors such as CSA, fucoidan, and dextran sulfates, we have shown that two carrageenans and a cellulose sulfate with a unique sulfation pattern are able to inhibit CSA-specific adhesion of parasitized erythrocytes to CHO-K1 cells and human placenta.
MATERIALS AND METHODS
Reagents. CSA from a bovine trachea was obtained from Sigma (St Louis, MO). Dextran sulfate from Leuconostoc species (500 kDa and 8 kDa), fucoidan from Fucus vesiculosus, and pectin from apple and citrus peels were all purchased from Sigma (St Louis, MO). Carrageenans CSW-2 (Lambda), LP-42 (Iota), and MB 73F (Kappa) were kindly provided by CP Kelco, Denmark. Pentosan polysulfate (xylan polysulfate) was purchased from Bene GmbH, Munich, Germany. Suramin (polysulfonated naphthylurea; 1,429.2 Da), a product of Bayer, Leverkusen, Germany, was kindly provided by G. Wirl (National Academy of Science, Salzburg, Austria). Cellulose sulfates (CS2, CS3, and CS10) were kindly provided by W. Wagenknecht, Fraunhofer Institute for Applied Polymer Research, Potsdam, Germany. Regioselective sulfation of these compounds was carried out as previously described. Briefly, CS3 was prepared directly from cellulose and CS2 from a nearly randomly acetylated cellulose-2.5-acetate (40) . CS10 synthesis started with a cellulose triacetate (degree of polymerization of about 300, corresponding to a molecular mass of 50 kDa with respect to the cellulose backbone) which then was partially deacetylated with 1,6-diaminohexane and subsequently sulfated (30, 31) . Structural analysis of the cellulose sulfates has been described elsewhere (21, 22) . The chemical characteristics of the cellulose sulfates are listed in Table 1 . The purity and absence of protein contamination in carbohydrate preparations were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoretic analysis followed by Coomassie staining.
P. falciparum and mammalian cell culture. P. falciparum-infected erythrocytes were cultured in blood group Aϩ human erythrocytes and serum, as described by Trager and Jensen in 1976 (39) , and maintained in a synchronous state by gelatin treatment (25) . For studies of adhesion to CSA, the parasite clone FCR3 (37) was selected on CHO-K1 cells expressing chondroitin-4-sulfate and designated FCR3csa, as described previously (32) . CHO-K1 cells (DSMZ, GmbH, Braunschweig, Germany) were cultured in RPMI 1640 medium containing 10% fetal calf serum and 1% penicillin-streptomycin (Gibco BRL). All parasite lines and cell cultures were free of mycoplasmas.
P. falciparum adhesion assays. Cytoadhesion assays were carried out essentially as described previously (32) . CHO-K1 cells were grown in 70 to 90% confluent monolayers in 24-well tissue culture plates. Trophozoite-infected erythrocytes were purified using gelatin flotation (25) and resuspended in RPMI 1640 pH 6.8 plus 10% human serum (5 ϫ 10 6 parasitized erythrocytes/ml). For inhibition assays, infected erythrocytes were preincubated with test substances for 15 min at room temperature before being added to cell monolayers. Infected erythrocytes were allowed to adhere for 1 h at room temperature, with gentle agitation every 15 min, followed by washing to remove unbound infected erythrocytes. For de-adhesion assays, infected erythrocytes were first allowed to adhere to cell monolayers for 30 min. Then unbound infected erythrocytes were washed away; the bound infected erythrocytes were incubated with test substances for 1 h, with gentle agitation every 15 min; and the de-adhered infected erythrocytes were washed away. To determine whether substances bound irreversibly to infected erythrocytes, infected erythrocytes were incubated with different concentrations of the substance for 30 min and washed twice in RPMI 1640 medium, followed by adhesion to cell monolayers, as described above. All assays were carried out using RPMI 1640, pH 6.8, containing 10% human serum. As a control in each assay, specific adhesion to CSA was determined by adding 100 g/ml of soluble CSA (Sigma). The number of infected-erythrocytes bound to 100 cells was calculated for at least 500 cells, and the percentage of binding was determined in comparison to the binding of controls. In each case three independent experiments were carried out.
Placental cryosection assays. Binding assays on ex vivo placental tissue were carried out on unfixed sets of three consecutive 5-m cryosections of normal human placenta mounted on microscope slides, as previously described (32) . Placental tissue was obtained from delivering women after informed written consent, and with approval from the University of Heidelberg ethics committee on the use of human tissue in research according to the Helsinki protocol. Briefly, 70-l volumes of trophozoite-infected erythrocytes resuspended at 5 ϫ 10 6 parasites/ml in RPMI 1640 plus 10% human serum, pH 6.8, were preincubated for 15 min at room temperature with test compounds before being added to cryosections. Each consecutive set of three cryosections consisted of an untreated control, a CSA control (100 g/ml), and the test compound (100 g/ml). The average number of adherent infected erythrocytes (Ϯ standard error) per 40ϫ high-power field was determined for cryosection sets from two different placental blocks, in two independent assays.
RESULTS
Adhesion inhibition and de-adhesion of FCR3csa-infected erythrocytes to CHO-K1 cells. P. falciparum clone FCR3-infected erythrocytes were selected for a homogeneous CSA binding phenotype by repeated panning on CHO-K1 cells, as previously described (5) . The abilities of different polysaccharides to inhibit the in vitro adhesion of FCR3csa-infected erythrocytes to CSA expressed on CHO-K1 cells were determined in a primary screen using 100 g/ml of substances diluted in phosphate-buffered saline (PBS). Of the substances tested in the primary screen, a cellulose sulfate preparation, two carrageenans, fucoidan, and two dextran sulfates were able to completely inhibit the adhesion of FCR3csa-infected erythrocytes to CHO-K1 cells (Table 1) . Nonsulfated, negatively charged polysaccharides (e.g., pectin), but also sulfated compounds such as xylan (pentosan) polysulfate and suramin, did not inhibit the adhesion of parasitized erythrocytes to CHO-K1 cells (Table 1) . Similar results have been reported for suramin (4, 14) , although there have been conflicting reports on the inhibitory capacity of xylan (pentosan) polysulfate (4, 14) . In each assay, high levels of binding were observed for controls and binding was completely inhibited when soluble CSA was included as an inhibitor (not shown). For each inhibitory substance, the pH of the binding assay medium was the same as that in the control, excluding the possibility of pH-dependent inhibition.
We next compared the CSA-specific adhesion inhibition and de-adhesion profiles of compounds found to affect adhesion in the primary screen. CSA, which inhibited adhesion at all concentrations tested (not shown), was also the most effective compound in de-adhesion assays, with ϳ50% of bound infected erythrocytes de-adhering at a concentration of 3 g/ml (Fig. 1A) . Cellulose sulfate CS10 (Fig. 1B) was able to completely inhibit FCR3csa adhesion to CHO-K1 cells and to cause bound parasitized erythrocytes to de-adhere at concentrations greater than 12.5 g/ml. Although less effective than cellulose sulfate, three of four seaweed extracts tested (carrageenan types CSW-2 and LP-42, and fucoidan) also inhibited adhesion and caused bound parasitized erythrocytes to deadhere in a dose dependent manner (Fig. 1C, D , and E). Similar adhesion inhibition profiles were obtained for carrageenans CSW-2 and LP-42; however, LP-42 was less efficient at causing bound infected erythrocytes to de-adhere (Fig. 1C and  D) . Fucoidan was also less effective at causing bound infected erythrocytes to de-adhere than at directly inhibiting adhesion (Fig. 1E) . The abilities of 500-kDa and 8-kDa dextran sulfate ( Fig. 1F and G) to inhibit adhesion and to cause bound infected erythrocytes to de-adhere were similar, although the 500-kDa form of dextran sulfate showed a greater effect than the 8-kDa form.
Placental adhesion inhibition.
All six inhibitory substances were tested for inhibition of adhesion of FCR3csa-infected erythrocytes to unfixed human placental cryosections. Cellulose sulfate CS10 and both carrageenans (CSW-2 and LP-42) were able to completely abolish adhesion to the placental syncytiotrophoblast ( Fig. 2A) . Inhibition of adhesion by fucoidan was more variable, with a ϳ72% (Ϯ51%) reduction in binding compared to that of untreated sections ( Fig. 2A) . Similar results were obtained when the number of infected erythrocytes adhering to the intervillous space on the cryosections was compared to that of PBS controls (not shown). CSA was included as a control in each assay and was able to completely inhibit binding to both the syncytiotrophoblast ( Fig. 2A) and the intervillous space (not shown). In contrast, 500-kDa and 8-kDa dextran sulfate showed an unusual result when tested for adhesion inhibition on placental cryosections. While these carbohydrates were able to completely inhibit adhesion of FCR3csa-infected erythrocytes to CHO-K1 cells, a large accumulation of infected and noninfected erythrocytes was observed on placental cryosections, primarily in the intervillous space (Fig. 2B,  right) . This accumulation of cells did not occur on areas of the glass microscope slide that contained no placental tissue. Apparently the dextran sulfate was able to form a "sticky matrix," trapping both infected and uninfected erythrocytes alike. Binding of polysaccharides to infected erythrocytes. In order to test whether substances able to interfere with CSA adhesion bind to the parasitized erythrocyte, we preincubated FCR3csa-infected erythrocytes with test substances and then washed them extensively before carrying out adhesion assays on CHO-K1 cells. Cellulose sulfate CS10 yielded the best result, giving an adhesion profile similar to that of CSA, although there was some variation between experiments at the lowest concentrations tested (Fig. 3) . In contrast, no significant inhibition of binding was observed for the two carrageenans, CSW-2 and LP-42, indicating that these substances were not remaining bound to the infected erythrocytes (Fig. 3) . Similar results were obtained for fucoidan and the two dextran sulfates (not shown).
DISCUSSION
The ability of P. falciparum-infected erythrocytes to adhere to receptors on the hosts' microvascular endothelium and in the placenta has been linked with severe malarial pathology and associated disease outcomes, such as those observed in individuals with cerebral or placental malaria. The application of soluble polysaccharides as inhibitors of carbohydrate-mediated interactions, such as binding of infected erythrocytes to placental CSA, may help in elucidating the molecular requirements for these adhesive processes and could potentially lead to an intervention strategy. In order to investigate this, we have screened a panel of 11 polysaccharides with varying sulfation levels and charges for their abilities to interfere with the binding of P. falciparum-infected erythrocytes to CSA expressed on an in vitro cell model and to human placenta.
Of all the polysaccharides examined, we achieved the most promising results for one of three cellulose sulfate derivatives tested. CS10, but not CS2 or CS3, was able to inhibit adhesion of infected erythrocytes to CSA expressed on CHO-K1 cells and to cause bound infected erythrocytes to de-adhere from the surfaces of CHO-K1 cells. The de-adhesion profile obtained for CS10 was similar to that obtained for CSA, although CSA was better at directly inhibiting adhesion to CHO-K1 cells. CS10 was found to remain bound to the infected erythrocyte even after extensive washing and to abrogate adhesion to placental cryosections. The structural characteristics of CS10 compared to those of CS2 and CS3 appear to account for the specific inhibitory capacity observed. Perhaps the most important difference is related to the sulfation pattern along the polymer chain. While in CS2 and CS3 sulfate groups are distributed in a random manner, CS10 has a tendency to a more clustered/block-like pattern due to a different strategy of synthesis using cellulose triacetate as the starting material, as outlined in Materials and Methods. The location of the sulfate groups depends on the outcome of the deacetylation procedure, which is regioselective in the case of CS10, while direct sulfation always generates a random pattern due to reversibility and thermodynamic control. The clustered distribution of sulfate groups in CS10 resembles that of placental chondroitin, with low sulfation levels where four to five disaccharide units with 4-O-sulfate groups alternate with one to two nonsulfated disaccharides. Therefore, it seems that a distinct pattern of sulfation rather than a high overall and even distribution of sulfate groups governs specific interactions with P. falciparuminfected erythrocytes. Further, CS10 has a much higher charge/ mass ratio, with a degree of substitution (DS) of 1.30 in comparison to CS2 and CS3, which show comparably low overall degrees of sulfation (DS, 0.35 and 0.52, respectively [ Table 1 ]). A further structural difference is the regioselectivity of sulfation: CS2 and CS3 are preferably sulfated at the primary O-6 position, and CS10 exhibits high sulfation at the secondary O-2 and O-3 groups. It has been shown that selective removal of O-6-sulfation in CSA enhances chondroitin sulfate-mediated adhesion (13) . Therefore, a lower degree of O-6-sulfation may also contribute to the results observed in this study. This pattern is also known to be important for the blood-coagulating activity of cellulose sulfates (23) .
Of the three carageenans tested in this study, two were found to inhibit adhesion to CSA expressed on CHO cells and to cause CSA-binding infected erythrocytes to de-adhere in a dose-dependent manner. Adhesion inhibition appeared to be dependent on the type and level of sulfation, as MB73F (-carrageenan), which has a low level of sulfation compared to the other two carrageenans (Table 1) , failed to inhibit (approximate charge/dimer: -carrageenan, 1.03; -carrageenan, 1.49; -carrageenan, 2.09 [9] ). Differences in monosaccharide composition, in particular in the content of 3,6-anhydrogalactose-2-sulfate, may also account for differences in biological activity (-carrageenan has 0.82 molecule of anhydrogalactose/dimer, -carrageenan has 0.59, and -carrageenan has 0.16). Carrageenans LP-42 (-carrageenan) and CSW2 (-carrageenan) were also effective at blocking CSA-specific adhesion to human placenta, although the activities of these polysaccharides are apparently nonspecific or easily reversible (Fig. 3) .
Dextran sulfates and fucoidan have previously been shown to inhibit the adhesion of infected erythrocytes to CD36 (41) and to disrupt rosettes (10, 34) . In this study we have shown that these polysaccharides also inhibit CSA-specific adhesion to CHO cells and cause CSA-binding infected erythrocytes to de-adhere (Fig. 2) . This finding is in contrast to that of Rogerson et al. (33) , who observed no inhibition by these polysaccharides using infected erythrocytes of the same lineage as that used in this study (33) . At the concentration of dextran sulfate and fucoidan used by Rogerson et al. (10 g/ml), we observed ϳ50% binding compared to that of untreated controls. The apparent differences between the two studies may, however, be due to the molecular mass of dextran sulfate used. We found that the inhibition and de-adhesion activities of the 8-kDa dextran sulfate were lower than those of the 500-kDa dextran sulfate, suggesting that both size and charge may play a role in interfering with infected-erythrocyte adhesion to CSA. When the effects of the two dextran sulfates on CSA-specific adhesion to placental cryosections were examined, the adhesion of infected erythrocytes and uninfected erythrocytes, which do not normally adhere to the placental sections, was amplified. These highly sulfated polysaccharides are apparently forming a sticky matrix on the ex vivo placental tissue to which both uninfected and infected erythrocytes can adhere. A similar finding has been reported previously for CD36-specific adhesion to in vitro-cultured cells. Heparin, fucoidan, and 500-kDa and 5-kDa dextran sulfates all promoted the adhesion of infected erythrocytes to dermal microvascular endothelial cells and CD36-transfected COS cells but not to purified platelet CD36 immobilized on plastic (27) .
Our findings that CS10 specifically interferes with adhesion to placental CSA and that in vitro inhibition results are comparable with those obtained with soluble CSA provide further insight into the molecular requirements for adhesion to this major placental receptor. The specific antiadhesive capacity observed here seems to depend not only on the degree of charge and sulfation but also on a particular pattern of sulfation. Unlike carrageenans and dextran sulfates, which are known to be inducers of inflammatory processes (26) , to our knowledge no negative effects of cellulose sulfate on vital cellular systems have been reported, making CS10 a potential candidate in the search for a treatment of pregnancy-associated malaria.
